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BACKGROUND. Fanconi anemia (FA) is an autosomal recessive disease associated

with an abnormal response to DNA damage. Although FA is well known for the

association of aplastic anemia and characteristic birth defects, leukemia and solid

tumors also occur at a high rate in this group of patients. A review of all reported

cases is informative with regard to the specific types of cancer, the ages at which

they occur, and the cumulative probability of their development.

METHODS. Medline and bibliographies of publications were searched for articles

containing “Fanconi’s anemia” or “aplastic anemia” and all cases of FA from 1927

through 2001 were included in the database. Cancer cases were identified within

these reports. Descriptive statistical analyses were performed using Stata7 soft-

ware.

RESULTS. One thousand three hundred cases of FA were identified. Nine percent

had leukemia (primarily acute myeloid leukemia), 7% had myelodysplastic syn-

drome, 5% had solid tumors, and 3% had liver tumors. Patients with cancer were

older than the cancer-free patients at the time of diagnosis of FA. The median age

for cancer (including leukemia) was 16, compared with 68 in the general popula-

tion. The most frequent solid tumors were aerodigestive and gynecological carci-

nomas. In approximately 25% of patients with cancer, the malignancy preceded

the diagnosis of FA.

CONCLUSIONS. If the competing risks of aplastic anemia and leukemia could be

removed, the estimated cumulative probability of development of a solid tumor in

FA patients is 76% by the age of 45 years. Carcinogenic pathways and cancer

prevention, surveillance, and treatment can be studied to advantage in this genetic

model of human cancer. Cancer 2003;97:425– 40.
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Fanconi anemia (FA) is a rare autosomal recessive disease (Online
Mendelian Inheritance in Man [OMIM] number 227650) that is a

member of at least two classes of cancer predisposition syndromes.
The first consists of autosomal recessive disorders of DNA repair and
includes ataxia telangiectasia, xeroderma pigmentosum, Bloom syn-
drome, Werner syndrome, Rothmund Thomson syndrome, and Ni-
jmegen breakage syndrome (OMIM numbers 20890, 278730, 210900,
277700, 268400, 251260, respectively). The second class comprises the
inherited bone marrow failure syndromes, such as dyskeratosis
congenita (DC), Diamond-Blackfan anemia (DBA), Shwachman-
Diamond syndrome (SDS), severe congenital neutropenia (SCN), and
amegakaryocytic thrombocytopenia (Amega; OMIM numbers 305000,
127550, 205900, 260400, 202700, 604498; reviewed by Alter1). The
disorders in the second group have diverse genetic mechanisms,
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including autosomal recessive (DC, SDS, SCN), auto-
somal dominant (DC, DBA, SCN), and X-linked (DC)
inheritance patterns.

Studies of cancer in patients with rare cancer pre-
disposition syndromes have been important for the
elucidation of pathways of malignancies in the general
population. The roles of tumor suppressor genes such
as p53 and retinoblastoma were clarified by examining
families with Li-Fraumeni syndrome2 and familial bi-
lateral retinoblastoma.3 This list now includes addi-
tional autosomal dominant disorders, such as hered-
itary breast carcinoma, adenomatous polyposis coli,
and many others.4,5 Germline mutations coupled with
acquired somatic mutations in the same genes confer
cellular homozygosity, loss of tumor suppressor activ-
ity, and malignant transformation.

The pathogenesis of the malignancies that occur in
persons affected with the bone marrow failure syn-
dromes remains unknown. However, progress is ad-
vancing rapidly with regard to the genes responsible for
these syndromes. For example, at least eight genes are
involved in the development of FA, six of which have
been cloned.6 It has been proposed that several of the FA
gene products form a complex that interacts with one or
more other FA proteins, which ultimately may be in-
volved in DNA damage response foci.7 One of the three
or more DBA genes was identified as ribosomal protein
subunit 19.8 The genes responsible for X-linked and au-
tosomal dominant DC are dyskerin and the RNA subunit
of telomerase, TR, respectively.9,10 Severe congenital
neutropenia is inherited as an autosomal dominant dis-
ease, with heterozygous mutations in neutrophil elastase
2.11 Amegakaryocytic thrombocytopenia is an autosomal
recessive disorder, with mutations in both c-mpl
genes.12 In patients with SDS, which is also an autosomal
recessive condition, the gene has been mapped to the
centromere of chromosome 7 but has not been cloned.13

However, identification of the specific genes that under-
lie this heterogeneous group of diseases has not im-
proved our understanding of how the cancers develop in
these conditions.

Two important components of the investigation
of cancer pathogenesis in this context are documen-
tation of the types of cancer that occur excessively in
each syndrome and definition of the epidemiologic
characteristics of these cancers. This task has begun
with FA because it is the most frequently reported rare
inherited bone marrow failure syndrome and it has
the highest risk of cancer among the disorders in this
group. Although birth defects and aplastic anemia are
the most frequently observed early manifestations, it
is becoming increasingly clear that leukemia and solid
tumors are the major complications in older FA pa-
tients. Review of FA cases reported in the medical

literature indicates that the hallmark neoplastic events
are myeloid leukemias, liver tumors, head and neck
carcinomas, and gynecologic malignancies.1,14 The
ages at which these cancers occur are substantially
younger than the ages at which these same cancers
occur in the general population.

This review of FA case reports and case series
comprises an updated and more complete analysis
than the previous report.14 In addition, it provides
more detailed information that will contribute to a
more thorough investigation of cancer in FA patients
by retrospective and prospective studies of identified
cases. Modern assessment of carcinogenesis in FA will
require correlation of specific genotypes, phenotypes,
and types of cancer. That type of analysis is not pos-
sible from a body of literature that extends over 75
years and consists primarily of case reports that do not
contain much of the needed information. However,
evaluation of the literature does provide direction for
future studies.

MATERIALS AND METHODS
The medical literature was searched for all cases of FA
using Medline, supplemented after reviewing the bib-
liographies of each publication. The search terms were
“Fanconi’s anemia” or “aplastic anemia.” All lan-
guages were included and articles were read in the
original languages or after translation. Cases were ac-
cepted as having FA if their lymphocytes had in-
creased chromosome breakage after challenge with a
DNA crosslinking agent, if they antedated the era of
chromosome breakage performed but were diagnosed
as FA by the original authors, or appeared to this
reader to be FA. Rare cases that may have been mis-
classified (e.g., DC) were excluded. Cases of leukemia,
solid tumors, and myelodysplastic syndrome (MDS)
were identified by careful scrutiny of all of the articles.

This study involves a review of the literature that
has been performed continuously by the author since
1970 and includes cases reported from 1927 through
2001. Duplicate publications were combined into sin-
gle case reports. Because there is no risk to human
subjects, the study has not been approved explicitly by
an Institutional Review Board. However, this study has
formed the background for the author’s clinical inves-
tigations of patients with inherited bone marrow fail-
ure syndromes and been approved implicitly by the
Institutional Review Boards at several institutions, the
most recent of which is the National Cancer Institute
(NCI).

Information for individual cases was entered into
a Lotus 123 spreadsheet and subsequently transferred
into Stata7, which was used for all statistical analy-
ses.15 The cumulative probability of development of
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each complication was calculated as the complement
of the Kaplan–Meier product limit estimate (the “1-
KM” estimator).16 The outcomes of interest were leu-
kemia, MDS, liver tumors, and solid tumors. Myelo-
dysplastic syndrome that did not progress to leukemia
was tabulated separately. This is because it is not clear
whether MDS in FA patients is in fact a premalignant
condition.17 Cases were censored if the patients died
or were alive before the development of the event
identified as the outcome for that analysis. For exam-
ple, a case would be censored (i.e., analytically not at
risk) with regard to the occurrence of a solid tumor if
the patient had died, had a bone marrow transplant,
or developed another complication such as leukemia
before the diagnosis of a solid tumor.

Continuous distributions were compared using
the Wilcoxon rank sum test, bionomial probabilities
evaluated by an exact binomial probability test, and
gender ratios compared by the Fisher exact test. De-
scriptive statistics were analyzed using Stata7 soft-
ware.15

RESULTS
Sufficient data were available for analysis of 1301 case
reports of FA. Of these cases, 220 patients (crude rate
17%) had one or more cancer (Table 1). The male-to-
female ratio was 1.2:1, which is significantly higher
than the ratio of 1.0 expected in autosomal recessive
diseases (P � 0.001). Males were younger than females
at diagnosis of FA, with a median of 6.5 years in males
and 7.5 years in females (P � 0.01) and a range for

both genders of 0 – 48 years. The crude death rate
overall was 38%, with a cumulative median survival
age of 20 years. Leukemia was reported in 8.9%, MDS
in 6.8%, solid tumors in 5.3%, and liver tumors in 2.8%
of patients. The slight excess of males was consistent
in all event categories, except among FA patients with
solid tumors, among whom there was an excess of
females, even after exclusion of patients with gyneco-
logic malignancies. The patients who developed leu-
kemia, MDS, or solid tumors, but not liver tumors,
were significantly older at the time of diagnosis of FA
than patients without these complications. This find-
ing suggests that the patients with those events had a
milder phenotype and therefore were not diagnosed
until they sought medical attention for an adverse
event (Fig. 1A). Patients who developed solid tumors
were older than those who developed leukemia, MDS,
or solid tumors (Fig. 1B). Crude death rates were
higher in patients with cancer than in patients without
cancer (Table 1; 52% vs. 35%, P � 0.01 by chi-square
test).

There were 116 reports of leukemia. Seven were
acute lymphocytic leukemia and the remainder were
acute myeloid leukemia (AML). In childhood sporadic
AML, the proportion of each FAB type was approxi-
mately 25% M1, 27% M2, 5% M3, 26% M4, 16% M5, 2%
M6, and 6% M718 (see Table 2 for distribution of AML
types). Among the 48 cases of FA in which the sub-
types of AML were provided, there was an excess of
M4 and M6 and a paucity of M1 and M2 (P � 0.01 for
the observed compared with the expected distribu-

TABLE 1
Complications in the FA Literature Cases, 1927–2001

Characteristics All Leukemia MDSa Solid tumor Liver tumor

No. of cases 1301 116 89 68 37
Percent of total 100 8.9 6.8 5.3 2.8
Male:female 711:578 70:46 46:42 23:45 (23:34b)c 22:15
Ratio 1.2 1.5 1.1 0.5 (0.59b)c 1.5
Age at diagnosis of FA (yrs)

Mean 8.3 10.1c 11.3c 12.7c 9.2
Median 7 8.6 9.3 9 7
Range 0–48 0.13–28 0.2–43 0–44 3–48

Age at complication (yrs)
Mean — 14.5 15.7 22.6c 15.7
Median — 14 14 25.5 13
Range — 0.13–29 1.8–43 0.2–45 6–48

No. reported deceased 488 84 44 41 30
Percent reported deceased 38 72 51 61 81
Estimated median survival age (yrs) 20 16 21 31c 16

FA: Fanconi anemia; MDS: myelodysplastic syndrome.
a Includes 13 patients who subsequently developed leukemia.
b Excluding women with only gynecologic cancer.
c P � 0.01 compared with patients without that complication.
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tion). However, because the subtype was not indicated
in more than one-half of the AML case reports, these
disparities may not be real.

Eighty-nine patients had MDS, which progressed
to leukemia in 13 of these patients. Because a primary
review of pathologic material was not possible, the
diagnoses of MDS and leukemia subtypes were tabu-
lated according to the decision of the original authors.
The term MDS was often used if cytogenetic marrow
clones were observed, regardless of bone marrow
morphology, and is not assumed in the context of FA
that MDS represents an obligate precursor to leuke-
mia.17 In fact, MDS and AML must be distinguished in

etiologic research to determine whether some forms
of MDS are preleukemic in FA patients.

Eighty solid tumors were reported in 68 patients
who had not received a bone marrow transplant. Six
patients had two, and two patients had four, indepen-
dent solid tumor primaries (Tables 3, 4). More than
one-half of the tumors were head and neck, esopha-
geal, and vulvar carcinomas. Other types of tumors
that occurred in more than single cases include uter-
ine cervix, brain (three medulloblastomas and three
astrocytomas), nonmelanoma skin, breast, and lung
carcinomas, lymphoma, and gastric and genitourinary
carcinomas (mostly Wilms tumors). In addition, there

FIGURE 1. Age at diagnosis of Fanconi anemia (FA) and of complications in literature cases. Data are shown in box plots. The center line is the median, the bottom

and top lines of the boxes are the 25th and 75th quartiles, respectively, and dots indicate outliers. (A) Age at diagnosis of FA patients. The FA patients with leukemia,

myelodysplastic syndrome (MDS), and solid tumors were significantly older than the entire group of reported cases at the time at which FA was diagnosed. (B) Age

at diagnosis of complications. The FA patients who developed solid tumors were older than those who developed leukemia, MDS, or liver tumors.

TABLE 2
Leukemia and MDS Cases in the Fanconi Anemia Literature, 1927–2001

Diagnosis Male Female All patients References

Leukemia
ALL 4 3 7 19–24
AML, unspecified 26 18 44 14, 25–51
AML M1, acute myelocytic without maturation 2 1 3 52–54
AML M2, acute myelocytic with maturation 2 2 4 42, 55, 56
AML M3, APL 0 0 0
AML M4, AMML 14 8 22 14, 57–74
AML M5, acute monocytic 6 4 10 47, 75–82
AML M6, erythroleukemia 6 2 8 26, 78, 83–87
AML M7, acute megakaryocytic 1 0 1 88
AML ANLL 1 5 6 82, 89–92
Other acute leukemia 8 3 11 29, 68, 80, 93–98
Total leukemia 70 46 116

MDS
MDS, no leukemia 39 37 76 14, 28, 29, 42, 47–49, 51, 86, 87, 90, 97, 99–123.
MDS, progressed to AMLa 7 6 13 27, 31, 40, 42, 45, 47, 48, 54, 55, 75, 81, 82

MDS: myelodysplastic syndrome; ALL: acute lymphocytic leukemia; AML: acute myelocytic leukemia; APL: acute promyelocytic leukemia; AMML: acute myelomonocytic leukemia; ANLL: acute nonlymphocytic

leukemia.
a Included with leukemics.
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were two FA patients with both head and neck carci-
nomas and a hepatoma. There were also seven pa-
tients who had leukemia in addition to another pri-
mary neoplasm, i.e., four patients had liver tumors
and three patients had solid tumors. The combination

of cancers include oral, gynecologic, liver, and leuke-
mia, but do not appear to present a specific informa-
tive pattern. There were insufficient detailed analyses
in most cases to provide any insights into the patho-
physiology of these instances of multiple primary
cancers. Therefore, it is unclear to what extent the
subsequent cancers may represent late neoplastic
complications of the treatment employed to control
the first cancer or whether both malignancies are an
integral part of the natural history of FA.

In addition to the patients who developed cancer
without having had a previous bone marrow trans-
plant, 12 patients (8 males and 4 females) developed
cancer after a bone marrow transplant (Tables 3, 5). All
12 patients had an oral carcinoma and one patient had
an oval and a vulvar carcinoma. The total number of
FA patients who have undergone a bone marrow
transplantation is unknown. Without this denomina-
tor, the effect of transplant on the trajectory toward
solid tumors in FA patients cannot be determined
from these case reports. The interval between trans-
plant and the diagnosis of cancer ranged from 3 to 15
years and survival subsequent to the development of
cancer was poor.

Liver tumors were reported in 37 patients (Table
6). Twice as many had hepatomas23 as had adeno-
mas.13 The male excess among patients with liver tu-
mors was similar to the male excess in the entire FA

TABLE 4
Cases with Combinations of Malignancies in the Fanconi Anemia
Literature, 1927–2001

Carcinomas Gender Reference

Colon, anus, vulva Female 66
Cervix, vulva Female 156
Gingiva, esophagus Female 124
Vulva, tongue Female 130
Wilms, medulloblastoma Female 160
Hand, tongue, cervix, breast Female 134
Perianal, eyelid Female 159
Larynx, skin, bladder, nasopharynx Male 144
Esophagus and liver hepatoma Female 149
Tongue and liver hepatoma Male 139
Liver hepatoma and CMML Female 107
Liver hepatoma and AMML Male 59
Liver tumor and AML Male 43
Liver adenoma and leukemia Male 95
Astrocytoma and AML M1 Female 52
Retinoblastoma and AML M2 Female 55
Cervix in situ and AML Female 31

CMML: chronic myelomonocytic leukemia; AMML: acute myelomonocytic leukemia; AML: acute

myelocytic leukemia.

TABLE 3
Solid Tumor Cases in the Fanconi Anemia Literature, 1927–2001

Type Male Female All patients References

No bone marrow transplant
Head, neck, and upper esophagus 13 13 26 30, 50, 59, 76, 87, 124–144
Esophagus 1 8 9 124, 145–153
Vulva and/or anus — 10 10 66, 126, 130, 134, 154–159
Cervix — 3 3 31, 155, 156
Brain 2 4 6 52, 160–163
Genitourinary 3 3 6 104, 134, 144, 160, 164–166
Skin (nonmelanoma) 1 5 6 42, 47, 134, 144, 159, 167
Breast — 4 4 87, 134, 168–170
Lung 3 0 3 68, 87, 103
Lymphoma 1 1 2 171, 172
Gastric 2 0 2 173, 174
Colon 0 1 1 66
Osteogenic sarcoma 0 1 1 175
Retinoblastoma 0 1 1 55
Total cancers 26 54 80
Total patients 23 46 68
Six patients had two, and two patients had four solid tumor
primaries.

Following bone marrow transplant
Head and neck 8 4a 12 87, 176–187

a One patient had tongue and vulvar carcinomas.
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group. All of the hepatoma patients and all but one of
the patients with an adenoma had received oral an-
drogen therapy for aplastic anemia.199 One patient
had adenomas before the bone marrow transplant
and died 15 years later with hepatocarcinoma after
having developed a hepatitis C virus infection.188

The median age for all cancers in FA patients,
including leukemia, was 16 years of age. This is sub-
stantially younger than the median age of 68 for the
same types of cancer in the general population (Table
7).213 The median age for leukemia was 14, for solid
tumors 26, and for liver tumors 13 years of age. The
most striking solid tumors, in terms of frequency and
the young age at which they occurred, were carcino-
mas of the head and neck, esophagus, vulva, and
uterine cervix. The median age of the 12 patients who
developed oral carcinomas following a bone marrow
transplant was 21 years. This is significantly younger
than the age of 28 for patients with head and neck
carcinoma who had not received a bone marrow
transplant (P � 0.02), suggesting a possible adverse
effect of transplant on the risk of developing an oral
carcinoma.

The cumulative incidence curves (1-KM) for FA-

related adverse events shown in Figure 2 indicate
the probability of developing each major complica-
tion if the other, competing, risks were removed.
The patterns of these curves are consistent with the
appearance of these events at ages younger than

TABLE 7
Median Ages (Years) for Cancers in the FA Literature, 1927–2001

Cancer General agea FA age FA range FA no.

All sites 68 16 0.1–48 211
All solid tumors — 26 0.2–45 68
Leukemia (AML) 68 14 0.1–29 116
Liver 68 13 6–48 37
Head and neck 64 28 13–41 26
Head and neck after BMTb — 21b 11–33 12
Esophagus 68 27 20–36 9
Vulva/anus 72 27 20–37 10
Cervix 47 25 22–32 3
Brain 56 3 0.5–11 6
Breast 63 37 26–45 4

FA: Fanconi anemia; AML: acute myelocytic leukemia; BMT: bone marrow transplant.
a General population data from the Surveillance, Epidemiology, and End Results program.213

b Only these patients received a BMT. P � 0.02 for median age compared with FA patients with head

and neck carcinoma who had not received a BMT.

TABLE 5
Tumors after BMT in the Fanconi Anemia Literature, 1927–2001

BMT (yr) Gender Cancer age (yr) Cancer (type) Interval (yrs) Result (yr) References

20 Female 25, 29 Cheek,
tongue

5, 9 D, 30 176, 177

14 Female 24 Tongue 10 A, 32 176
9 Female 18 Buccal 9 D, 18 183
9 Female 23, 24 Vulva, tongue 14, 15 A, 25 184
6 Male 12 Tongue 6 D, 12 178, 179
8 Male 11 Tongue 3 D, 11 180, 181
8 Male 16 Tongue 8 A, 16 182
19 Male 33 Tongue 14 D, 33 188
N/A Male N/A Tongue 5 A, N/A 186
8 Male 13 Tongue 5 D, 13 187
10 Male 25 Pharynx 15 D, 25 187
N/A Male 19 Tongue N/A D, 19 87

BMT: bone marrow transplant; D: dead; A: alive; N/A: data not available.

TABLE 6
Liver Tumor Cases in the Fanconi Anemia Literature, 1927–2001

Type Male Female All patients References

Adenoma 7a 6 13 95, 176, 188–195
Hepatoma 15 8 23 30, 33, 43, 59, 87, 107, 138, 139, 149, 196–212
Not stated 0 1 1 176, 192
Total liver tumors 22 15 37

a One patient had adenomas before bone marrow transplant and died 15 years later with hepatocarcinoma after hepatitis C virus infection.188 Several patients were

mentioned in more than one reference.
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expected and with remarkably high absolute risks.
The cumulative incidence of leukemia is 37%, which
reached a plateau by age 29. The cumulative inci-
dence of MDS is 50%, with a possible plateau at age
43, supporting the suggestion that MDS frequently
is not a prelude to AML in FA patients.17 Liver tu-
mors reached a maximum of 46%, with no plateau.
Solid tumors had the most dramatic cumulative in-
cidence curve, which reached 76% by age 45. The
contour of the 1-KM curve for solid tumors differs
from that of the other complications: the risk of a
solid tumor increases very slowly in childhood and
then rises steeply and linearly after age 20, with no
sign of a plateau.

The data in Table 1 show that patients with cancer
and FA were older at the time of diagnosis of FA than
were patients who had not developed cancer. The
explanation for this age discrepancy is provided in
Figure 3. Several patients with cancer were not diag-
nosed with FA before seeking medical attention for an
adverse event. Diagnosis of FA was delayed in 22% of
patients with solid tumors, 27% of patients with leu-
kemia, 29% of patients with MDS, and 6% of patients

with liver tumors. In a few patients, the age at diag-
nosis of FA or of the complication was not reported.
These figures may be overestimates, due to the limited
amount of detail in some case reports. However, they
highlight the clinical importance of considering the
diagnosis of FA in patients with FA types of cancer,
who otherwise lack the typical risk factors for those
cancers, particularly those in whom the cancer diag-
nosis is made at an unusually young age. For example,
the occurrence of a squamous cell carcinoma of the
tongue in a 20-year-old woman who does not smoke
should prompt consideration of FA as the underlying
medical condition and should lead to performance of
a screening chromosome breakage test. This informa-
tion has therapeutic implications because FA patients
may be sensitive to the cytotoxic effects of chemother-
apy and ionizing radiation. As a result, the cancer
treatment plan may require modification.214

DISCUSSION
There are many limitations to using literature case

reports as a source of epidemiologic data with regard
to the risk of cancer in FA patients. There is almost

FIGURE 2. Cumulative probability of development of complications in Fanconi anemia patients. (A) 115 patients with leukemias, (B) 87 patients with

myelodysplastic syndrome, (C) 36 patients with liver tumors, and (D) 66 patients with solid tumors.
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certainly publication bias, in which cases with cancer
would be overreported and cases without cancer
would be underreported. FA can have a relatively mild
phenotype and internists and medical oncologists are
generally unfamiliar with this typically pediatric dis-
order. Consequently, there are undoubtedly persons
with FA in whom cancer developed without the diag-
nosis of FA being made. Therefore, determination of
crude or actuarial cancer rates is compromised by the
inaccuracy of both numerators and denominators.
The diagnosis of FA itself is problematic because it was
confirmed by tests of chromosome breakage in only
60% of the reports. Cases reported before the era of
chromosome breakage tests were biased toward pa-
tients with overt physical anomalies, and thus may
have included more patients with a higher risk of
hematologic complications who may not have sur-
vived long enough to develop solid tumors. Many of
the reports lacked some of the details that would have
helped to confirm the diagnosis of FA, the specific
type of cancer, or the exact age at diagnosis of FA or
the adverse outcome. Nonetheless, a careful assess-
ment of the literature can generate etiologic clues that
may be pursued in more carefully designed epidemi-
ologic studies and provide rough estimates of cancer
risk in the setting of a rare disease that is not easy to
study.

Analysis of the cumulative probability of develop-
ment of a specific complication such as leukemia or a
solid tumor was performed using 1-KM, which esti-
mates the hypothetic cumulative incidence that would
be observed if the competing risks could be removed.
Within this constraint, the data reviewed suggest that

the cumulative probability of developing leukemia,
liver tumors, and solid tumors in FA patients is close
to 40% by age 30, about 50% by age 45, and an as-
tounding 76% by age 45, respectively. The method
used to analyze these data does not account for com-
peting risks, but rather censors patients at the time of
development of other FA-related complications.
Therefore, the cumulative probability determinations
assume that the adverse event being analyzed is the
only adverse event to which the patients are suscep-
tible. For example, solid tumors occur infrequently in
childhood, increase rapidly in frequency in adults in
their 20s, and then have a more than linear rise
throughout the rest of the life span. In this analysis, if
the competing risks of aplastic anemia, leukemia, or
liver tumors were removed, patients with FA would
have at least a 76% risk of development of a solid
tumor by age 45. A bone marrow transplant or gene
therapy would prevent or treat those competing risks
so that the high estimate of the risk of solid tumor may
indeed be the natural history of FA.

Despite these limitations in the quantitative anal-
yses due to competing risks, the descriptions of the
types of cancers and the ages at which they occurred
are not likely to suffer from reporting biases. Leuke-
mia, MDS, and liver tumors are the major adverse
events that are not related to bone marrow failure in
FA patients in teenage and young adulthood, with a
median of 14 years of age. In contrast, solid tumors
occur primarily in young adults, with a median of 26
years of age, which is significantly older than patients
with other complications.

Reporting bias is also less likely to have influenced
the types of complications that occur in FA patients.
The FA-related leukemias differ from leukemia in the
general population in several important ways.213 In FA
patients, 94% of the leukemias were myeloid and only
6% were lymphoid, compared with 84% of the leuke-
mias being lymphoid in non-FA children. The age
distribution of leukemia in FA patients was normally
distributed around a mode of 14 years, in contrast to
the general population in which the incidence of AML
is higher in infants, declines around age 10, and then
rises slightly in the late teens. There were relatively
more M4 and M6 AMLs and fewer M1 and M2 in the
FA group. However, these data are difficult to interpret
because subtype information was missing in more
than one-half of the AML cases.

Cases of FA with MDS were analyzed separately
from AML. Only 13 of the 89 cases with MDS pro-
gressed to AML. MDS in FA patients may be different
from primary MDS in non-FA adults.17 Patients with
FA may have MDS for long periods of time, with clonal
fluctuation and without leukemic transformation. The

FIGURE 3. Age at diagnosis of Fanconi anemia (FA) occurred at or later than

the diagnosis of complications in (A) 30 of 110 patients with leukemias, (B) 23

of 78 patients with myelodysplastic syndrome, (C) 2 of 31 patients with liver

tumors, and (D) 13 of 60 patients with solid tumors. The straight line shows the

coincidence of the diagnosis of FA with the diagnosis of the complication. The

age at diagnosis of FA and/or cancer was missing in some cases.
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age distribution of the literature cases with MDS re-
sembled that of the leukemia group, with a normal
distribution around a mode of 15 years. The Surveil-
lance, Epdemiology, and End Results (SEER) program
does not collect data on MDS so that general popula-
tion information is not readily available. However, in a
French registry, MDS did not have a pediatric peak
and the incidence rose very slowly until past the age of
50 years.215

The types of cancer reported in FA patients are
less likely to suffer from publication bias than are the
numbers. The most frequent cancers (more than 40%)
occurred in the aerodigestive category, consisting of
squamous cell carcinomas of the oral, oropharyngeal,
pharyngeal, and esophageal regions. The next most
common (16%) were gynecologic cancers, namely,
carcinomas of the vulva and uterine cervix. In a few
cases, the presence of human papilloma virus was
mentioned, but most cases were not evaluated for this
potential causative agent.216,217 The other types of
cancers summarized in Table 3 were less common and
do not present a specific cancer pattern that is dis-
cernible from information in the literature.

It is noteworthy that all of the patients with cancer
following a bone marrow transplant had cancer in the
head and neck region, primarily tongue carcinoma.
The younger age for these cancers in the transplant
group suggests that the preparation for transplant
with irradiation, immunosuppression, myelosuppres-
sion, and/or posttransplant complications such as
graft-versus-host disease and/or infections may fur-
ther increase the risk of malignancy over and above
that which would be observed as part of the natural
history of FA. The French FA bone marrow transplant
group suggested that the crude estimate of the risk of
development of a solid tumor following transplant in
FA patients was 42% by 12 years after transplant.218

Liver tumors were also relatively common, with
the majority occurring in teenagers, but with a right
skew of patients in their 20s. All but one had received
oral androgens for several years, which certainly con-
tributed to the risk. Although two-thirds were called
hepatoma, they generally were not malignant and
rarely were the primary cause of death. Liver tumors
were present in at least six patients who also had
another solid tumor or leukemia. The latter cancers
were more relevant to the patient’s outcome.

What has happened in this field in the 6 years
since this topic was last reviewed?14 The number of FA
patients reported to have had malignant complica-
tions of their disease has increased by 50 –100%, but
the estimated proportion of known FA cases with
these complications is similar (15% then, 17% now).
These estimates are remarkably similar to the 16% of

patients found to have cancer in a North American
retrospective cohort study of FA.219 Although this pro-
portion is high for a young patient population, it is less
impressive when viewed as a crude rate. Use of cumu-
lative incidence analyses, particularly after accounting
for competing risks, indicates that FA has a remark-
ably high risk of specific malignancies, with pen-
etrance comparable to other tumor predisposition
syndromes.219 The most serious early adverse event in
patients with FA is severe aplastic anemia, which can
often be managed with medical treatment (such as
androgens and growth factors) or even cured with
hematopoietic stem cell transplant using bone mar-
row, cord blood, or peripheral blood stem cells. In
addition, the use of genetically corrected autologous
stem cells may be available in the future.220 It must be
emphasized that elimination of the early hazard of
death from hematopoietic failure increases the com-
peting risks related to malignancy. Even stem cell
transplant or gene therapy may not totally eliminate
the risk of leukemia because a few residual uncor-
rected host FA cells may persist, retaining the risk of
undergoing malignant transformation.

Of much more compelling concern is the risk of
solid tumors in the older FA patient. The literature
review (this study) and a pilot survey219 indicate that
the cumulative incidence of one or more solid tumors
in FA patients is greater than 75% by age 45, if com-
peting risks are removed from the analysis. The opti-
mism and satisfaction that derive from our increas-
ingly effective ability to manage the aplastic anemia of
FA must be tempered with the recognition that the
control of morbidity and mortality from solid tumors
now represents the greatest challenge faced by pa-
tients with FA and their health care providers. The
possible exacerbation of that cancer predisposition by
the current techniques used for bone marrow trans-
plant represents a specific therapeutic conundrum
that will prove difficult to solve. Epidemiologic studies
heighten awareness of this enormous problem and
identify areas in which additional research is required.

What can be done, now that it is clear that solid
tumors are inevitable in the majority of FA patients as
they get older? Researchers must evaluate whether
additional risk factors are interacting with the genetic
predisposition to malignancy that characterizes FA
patients. Some of these risk factors may be environ-
mental, such as smoking, viruses, oxidants, sun expo-
sure, and other factors known to be carcinogenic in
the general population. The role of other genes must
be analyzed, particularly those that are involved in
activating or inactivating carcinogens, as possible
modifiers of FA-related cancer risk. Cancer surveil-
lance must be initiated in young FA patients at much
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earlier ages than is currently advised in the general
population. Although evidence-based practice guide-
lines do not exist, good medical care must be pro-
vided. To this end, the Fanconi Anemia Research
Fund, Inc., the United States-based family support
group, has published results of a clinical consensus
meeting.221 The report summarized current expert
opinion regarding suggested cancer surveillance
guidelines in this population.

Experts agree that cancer surveillance in persons
with FA must be targeted to the sites with the highest
risk:

1. An annual bone marrow examination, with aspirate
for cell types, biopsy for cellularity, and cytogenet-
ics, may provide early evidence for MDS or leuke-
mia and will help to clarify the relation between
these conditions in FA patients.

2. Liver function tests and ultrasound examinations
often identify patients with adenomas or hepato-
mas before they become symptomatic.

3. Screening for solid tumors is more complex, be-
cause of the multiplicity of cancer types.
a. Screening for aerodigestive cancers and precan-

cerous lesions can be performed by oral sur-
geons, head and neck surgeons, and otorhino-
laryngologists, using direct visualization of the
oropharynx and fiberoptic endoscopy.

b. Gynecologic examinations for vulvar and cervi-
cal tumors are recommended to begin with
menarche. Human papillomavirus surveillance
in addition to pap smears should be considered,
given the known etiologic role for this viral agent
in the sporadic counterparts of these two can-
cers.

c. Patients and their health care providers should
provide this disease-specific surveillance in the
context of comprehensive general medical care,
including screening recommendations which
have been promulgated for the general popula-
tion. The longer FA patients live, the greater
their risk of developing the nonneoplastic ill-
nesses faced by everyone as they age. It does not
seem prudent, therefore, to neglect the general
health care of FA patients while focusing on
their known, disease-related risks.

d. Finally, because patients with FA have high can-
cer risks, they may provide a population in
which the role of new screening modalities can
be rapidly validated. These patients should be
encouraged to participate in clinical trials de-
signed to develop more effective cancer screen-
ing strategies.

Currently, there are no specific recommendations

for cancer prevention in FA patients that differ from
those for the general population. Unfortunately, can-
cer management in FA patients is much more difficult
than in the general population because of their in-
creased sensitivity to chemotherapy with DNA
crosslinkers and the variable but potential increased
side effects from radiotherapy.214 To develop better
approaches to prevention, screening, and manage-
ment, it is important to understand the types of cancer
that develop in FA patients and identify additional
factors that contribute to cancer risk.. Researchers at
the NCI have launched a comprehensive epidemio-
logic study of cancer in FA patients, which will address
many of these pressing clinical and etiologic questions
(www.marrowfailure.cancer.gov).

REFERENCES
1. Alter BP. Inherited bone marrow failure syndromes. In:

Nathan DG, Orkin S, Ginsburg D, Look T. Hematology of
infancy and childhood, 6th ed. Philadelphia: Harcourt
Health Sciences. In press.

2. Nichols KE, Malkin D, Garber JE, Fraumeni JF Jr., Li FP.
Germ-line p53 mutations predispose to a wide spectrum of
early-onset cancers. Cancer Epidemiol Biomarkers Prev.
2001;10:83– 87.

3. Friend SH, Horowitz JM, Gerber MR, et al. Deletions of a
DNA sequence in retinoblastomas and mesenchymal tu-
mors: organization of the sequence and its encoded pro-
tein. Proc Natl Acad Sci USA. 1987;84:9059 –9063.

4. Fearon ER. Human cancer syndromes: clues to the origin
and nature of cancer. Science. 1997;278:1043–1050.

5. Abeloff MD, Armitage JO, Lichter AS, Niederhuber JE. Clin-
ical oncology, 2nd ed. New York: Churchill Livingstone,
2000.

6. Joenje H, Patel KJ. The emerging genetic and molecular
basis of Fanconi anaemia. Nat Rev Genet. 2001;2:446 – 459.

7. Garcia-Higuera I, Taniguchi T, Ganesan S, et al. Interaction
of the Fanconi anemia proteins and BRCA1 in a common
pathway. Mol Cell. 2001;7:249 –262.

8. Matsson H, Klar J, Draptchinskaia N, et al. Truncating
ribosomal protein S19 mutations and variable clinical ex-
pression in Diamond-Blackfan anemia. Hum Genet. 1999;
105:496 –500.

9. Knight SW, Heiss NS, Vulliamy TJ, et al. X-linked dyskera-
tosis congenita is predominantly caused by missense mu-
tations in the DKC1 gene. Am J Hum Genet. 1999;65:50 –58.

10. Vulliamy T, Marrone A, Goldman F, et al. The RNA com-
ponent of telomerase is mutated in autosomal dominant
dyskeratosis congenita. Nature. 2001;413:432– 435.

11. Dale DC, Person RE, Bolyard AA, et al. Mutations in the
gene encoding neutrophil elastase in congenital and cyclic
neutropenia. Blood. 2000;96:2317–2322.

12. Ballmaier M, Germeshausen M, Schulze H, et al. C-mpl
mutations are the cause of congenital amegakaryocytic
thrombocytopenia. Blood. 2001;97:139 –146.

13. Goobie S, Popovic M, Morrison J, et al. Shwachman-Dia-
mond syndrome with exocrine pancreatic dysfunction and
bone marrow failure maps to the centromeric region of
chromosome 7. Am J Hum Genet. 2001;68:1048 –1054.

14. Alter BP. Fanconi’s anemia and malignancies. Am J Hema-
tol. 1996;53:99 –110.

434 CANCER January 15, 2003 / Volume 97 / Number 2



15. StataCorp. Stata statistical software: release 7.0. College
Station, TX: Stata, 2001.

16. Kaplan EL, Meier P. Nonparametric estimation from in-
complete observations. J Am Stat Assoc. 1958;53:457– 481.

17. Alter BP, Caruso JP, Drachtman RA, Uchida T, Elghetany
MT. Fanconi’s anemia: myelodysplasia as a predictor of
outcome. Cancer Genet Cytogenet. 2000;117:125–131.

18. Pizzo PA, Poplack DG. Principles and practice of pediatric
oncology, 3rd ed. Philadelphia: Lippincott-Raven, 1997.

19. Ahmed OA, Al-Rimawi HS, Al-Rashid AA, et al. Fanconi’s
anemia with acute lymphoblastic leukaemia in a Bedouin
girl. Am Soc Hum Genet. 1989;45(Suppl):A14.

20. Wada E, Murata M, Watanabe S. Acute lymphoblastic leu-
kemia following treatment by human growth hormone in a
boy with possible preanemic Fanconi’s anemia. Jpn J Clin
Oncol. 1989;19:36 –39.

21. Yetgin S, Tuncer M, Guler E, Duru F, Kasifoglu ME. Acute
lymphoblastic leukemia in Fanconi’s anemia. Am J Hema-
tol. 1994;45:94.

22. Tezcan I, Tuncer M, Uckan D, et al. Allogeneic bone mar-
row transplantation in Fanconi anemia from Turkey: a
report of four cases. Pediatr Transpl. 1998;2:236 –239.

23. Sugita K, Taki T, Hayashi Y, et al. MLL-CBP fusion tran-
script in a therapy-related acute myeloid leukemia with the
t(11;16)(q23;p13) which developed in an acute lympho-
blastic leukemia patient with Fanconi anemia. Genes Chro-
mosomes Cancer. 2000;27:264 –269.

24. Janik-Moszant A, Bubala H, Stojewska M, Sonta-Jakimczyk
D. Acute lymphoblastic leukaemia in children with Fanconi
anaemia. Wiad Lek. 1998;51:285–288.

25. Skikne BS, Lynch SR, Bezwoda WR, et al. Fanconi’s anae-
mia, with special reference to erythrokinetic features. S Afr
Med J. 1978;53:43–50.

26. Meisner LF, Taher A, Shahidi NT. Chromosome changes
and leukemic transformation in Fanconi’s anemia. In: Hi-
bino S, Takaku F, Shahidi NT. Aplastic anemia. Tokyo:
University of Tokyo Press, 1976:253–271.

27. Eldar M, Shoenfeld Y, Zaizov R, et al. Pulmonary alveolar
proteinosis associated with Fanconi’s anemia. Respiration.
1979;38:177–179.

28. Perona G, Cetto GL, Bernardi F, Todeschini G, D’Andrea F.
Fanconi’s anaemia in adults: study of three families.
Haematologica. 1977;62:615– 628.

29. Schaison G, Leverger G, Yildiz C, Berger R, Bernheim A,
Gluckman E. L’anemie de Fanconi. Frequence de l’evolution
vers la leucemie. [Fanconi’s anemia. Incidence of its devel-
opment into leukemia] Presse Med. 1983;12:1269–1274.

30. Altay C, Alikasifoglu M, Kara A, Tuncbilek E, Ozbek N,
Schroeder-Kurth TM. Analysis of 65 Turkish patients with
congenital aplastic anemia: (Fanconi anemia and non-
Fanconi anemia): Hacettepe experience. Clin Genet. 1997;
51:296 –302.

31. Verbeek W, Haase D, Schoch C, Hiddemann W, Wormann
B. Induction of a hematological and cytogenetic remission
in a patient with a myelodysplastic syndrome secondary to
Fanconi’s anemia employing the S-HAM regimen. Ann He-
matol. 1997;74:275–277.

32. Zawartka M, Restorff-Libiszowska H, Kowalski R, Litwiniszyn-
Krzewicka K, Schejbal J. Bialaczka szpikowa w prezebiegu
anemii Fanconiego (AF) [Myeloid leukemia during Fanconi’s
anemia]. Wiad Lek. 1976;29:145–151.

33. Perrimond H, Juhan-Vague I, Thevenieau D, Bayle J, Mu-
ratore R, Orsini A. Evolution medullaire et hepatique apres
androgenotherapie prolongee d’une anemie de Fanconi

[Bone marrow and hepatic evolution after prolonged an-
drogen therapy in Fanconi anemia]. Nouv Rev Fr Hematol.
1977;18:228.

34. Kapelushnik J, Or R, Slavin S, Nagler A. A fludarabine-based
protocol for bone marrow transplantation in Fanconi’s
anemia. Bone Marrow Transplant. 1997;20:1109 –1110.

35. Van Gils JE, Mandel C, Van Weel-Sipman MH, De Koning J,
Van’T Veer-Korthof ET. Acute leukemie bij Fanconi anemie
[Acute leukemia of Fanconi’s anemia]. Tijdschr Kinder-
geneeskd. 1987;55:68 –72.

36. El Mauhoub M, Sudarshan G, Banerjee G, Aggarwal VP,
Shembish N. Fanconi’s anemia with associated acute non-
lymphocytic leukemia. Indian Pediatr. 1988;25:1124 –1127.

37. Submoke S, Kessacorn W. Fanconi’s syndrome: presenta-
tion of a case of acute myeloblastic leukemia. J Med Assoc
Thai. 1985;68:480 – 484.

38. Barton JC, Parmley RT, Carroll AJ, Huang ST, Goodnough
LT, Findley HW Jr. Preleukemia in Fanconi’s anemia: he-
matopoietic cell multinuclearity, membrane duplication,
and dysgranulogenesis. J Submicrosc Cytol. 1987;19:355–
364.

39. Tanzer J, Frocrain C, Desmarest MC. Anomalies du chro-
mosome 1 dans 3 cas de leucemie compliquant une aplasie
de Fanconi (FA) [Anomalies of chromosome 1 in 3 cases of
leukemia complicating Fanconi anemia (FA)]. Nouv Rev Fr
Hematol. 1980;22:93.

40. Nowell P, Bergman G, Besa E, Wilmoth D, Emanuel B.
Progressive preleukemia with a chromosomally abnormal
clone in a kindred with the Estren-Dameshek variant of
Fanconi’s anemia. Blood. 1984;64:1135–1138.

41. Woods WG, Nesbit ME, Buckley J, et al. Correlation of
chromosome abnormalities with patient characteristics,
histologic subtype, and induction success in children with
acute nonlymphocytic leukemia. J Clin Oncol. 1985;3:3–11.

42. Maarek O, Jonveaux P, Le Coniat M, Berger R. Faconi
anemia and bone marrow clonal chromosome abnormal-
ities. Leukemia. 1996;10:1700 –1704.

43. Obeid A, Hill FGH, Harnden D, Mann JR, Wood BSB. Fan-
coni anemia: oxymetholone hepatic tumors and chromo-
some aberrations associated with leukemic transition.
Cancer. 1980;46:1401–1404.

44. Auerbach AD, Weiner M, Warburton D, Yeboa K, Lu L,
Broxmeyer HE. Acute myeloid leukemia as the first hema-
tologic manifestation of Fanconi anemia. Am J Hematol.
1982;12:289 –300.

45. Berger R, Bussel A, Schenmetzler C. Somatic segregation
and Fanconi anemia. Clin Genet. 1977;11:409 – 415.

46. Berger R, Le Coniat M. Cytogenetic studies in Fanconi
anemia induced chromosomal breakage and cytogenetics.
In: Schroeder-Kurth TM, Auerbach AD, Obe G. Fanconi
anemia. Clinical, cytogenetic and experimental aspects.
Berlin: Springer-Verlag, 1989:93–99.

47. Berger R, le Coniat M, Schaison G. Chromosome abnor-
malities in bone marrow of Fanconi anemia patients. Can-
cer Genet Cytogenet. 1993;65:47–50.

48. Alter BP, Scalise A, McCombs J, Najfeld V. Clonal chromo-
somal abnormalities in Fanconi’s anemia: what do they
really mean? Br J Haematol. 1993;85:627– 630.

49. Davies SM, Khan S, Wagner JE, et al. Unrelated donor bone
marrow transplantation for Fanconi anemia. Bone Marrow
Transplant. 1996;17:43– 47.

50. Tamary H, Bar-Yam R, Shalmon L, et al. Fanconi anaemia
group A (FANCA) mutations in Israeli non-Ashkenazi Jew-
ish patients. Br J Haematol. 2000;111:338 –343.

Cancer in Fanconi Anemia/Alter 435



51. Futaki M, Yamashita T, Yagasaki H, et al. The IVS4 �4 A to
T mutation of the Fanconi anemia gene FANCC is not
associated with a severe phenotype in Japanese patients.
Blood. 2000;95:1493–1498.

52. Griffin TC, Friedman DJ, Sanders JM, Bowman WP. Fan-
coni anemia complicated by acute myelogenous leukemia
and malignant brain tumor. Blood. 1992;80:382a.

53. Yoshida Y, Kawabata H, Anzai N. Cell biology and pro-
grammed cell death in MDS. Leuk Res. 1994;18:5.

54. Rao AB, Kerketta L, Ghosh K, Mohanty D. A 46, XY, dup(1)
(q21q32), add(11) (q23) karyotype in a case of Fanconi
anemia. Leuk Res. 2001;25:347–348.

55. Gibbons B, Scott D, Hungerford JL, et al. Retinoblastoma in
association with the chromosome breakage syndromes
Fanconi’s anaemia and Bloom’s syndrome: clinical and
cytogenetic findings. Clin Genet. 1995;47:311–317.

56. Takizawa J, Kishi K, Moriyama Y, et al. Allogenic bone
marrow transplantation for Fanconi’s anemia with leuke-
mic transformation from an HLA identical father. Rinsho
Ketsueki. 1995;36:615– 620.

57. Manglani M, Muralidhar HP, Bhoyar A, Shah R, Lokeshwar
MR. Leukemic transformation in Fanconi’s anemia. Indian
Pediatr. 1999;36:1054 –1056.

58. Cowdell RH, Phizackerley PJR, Pyke DA. Constitutional
anemia (Fanconi’s syndrome) and leukemia in two broth-
ers. Blood. 1955;10:788 – 801.

59. Sarna G, Tomasulo P, Lotz MJ, Bubinak JF, Shulman NR.
Multiple neoplasia in two siblings with a variant form of
Fanconi’s anemia. Cancer. 1975;36:1029 –1033.

60. Consarino C, Magro S, Dattilo A, et al. Acute leukemia in
Fanconi’s anemia. In: Department of Hematology, Univer-
sity of Rome. Third international symposium on therapy of
acute leukemias. Rome: University of Rome Press, 1982:
492.

61. O’Gorman Hughes DW. Aplastic anaemia in childhood. III.
Constitutional aplastic anaemia and related cytopenias.
Med J Austr. 1974;1:519 –526.

62. Dosik H, Hsu LY, Todaro GJ, et al. Leukemia in Fanconi’s
anemia: cytogenetic and tumor virus susceptibility studies.
Blood. 1970;36:341–352.

63. Gmyrek D, Witkowski R, Syllm-Rapoport I, Jacobasch G.
Chromosomal aberrations and abnormalities of red-cell
metabolism in a case of Fanconi’s anaemia before and after
development of leukaemia. German Med Monthly. 1968;13:
105–111.

64. Stein AC, Blanck DM, Bennett AJ, Gold BD, Berger J. Acute
myelomonocytic leukemia in a patient with Fanconi’s ane-
mia. J Oral Surg. 1981;39:624 – 627.

65. Gyger M, Bonny Y, Forest L. Childhood monosomy 7 syn-
drome. Am J Hematol. 1982;13:329 –334.

66. Dosik H, Verma RS, Wilson C, Miotti AB. Fanconi’s anemia
and a familial stable chromosome abnormality in a family
with multiple malignancies. Blood. 1977;50:190a.

67. Kunze J. Estren-Dameshek-Anamie mit myelomonocytarer
Leukamie (Subtyp der Fanconi-Anamie?) [Estren-
Dameshek anemia with myelomonocytic leukemia (sub-
type of Fanconi anemia?]. In: Spranger J, Tolksdorf M.
Klinische Genetik in der Padiatrie. Stuttgart: Thieme, 1980:
213–214.

68. Schroeder TM, Tilgen D, Kruger J, Vogel F. Formal genetics
of Fanconi’s anemia. Hum Genet. 1976;32:257–288.

69. Bloom GE, Warner S, Gerald PS, Diamond LK. Chromo-
some abnormalities in constitutional aplastic anemia.
N Engl J Med. 1966;274:8 –14.

70. Bourgeois CA, Hill FGH. Fanconi anemia leading to acute
myelomonocytic leukemia. Cytogenetic studies. Cancer.
1977;39:1163–1167.

71. Alimena G, Avvisati G, De Cuia MR, Gallo E, Novelli G,
Dallapiccola B. Retrospective diagnosis of a Fanconi’s ane-
mia patient by dyepoxybutane (DEB) test results in par-
ents. Haematologica. 1983;68:97–103.

72. Kwee ML, Poll EHA, van de Kamp JJP, de Koning H, Erik-
sson AW, Joenje H. Unusual response to bifunctional alky-
lating agents in a case of Fanconi anaemia. Hum Genet.
1983;64:384 –387.

73. Roozendaal KJ, Nelis KOAH. Leukaemia in a case of Fan-
coni’s anaemia. Clin Genet. 1981;25:208.

74. McDermott MB, Corbally MT, O’Marcaigh AS. Extracuta-
neous Sweet syndrome involving the gastrointestinal tract
in a patient with Fanconi anemia. J Pediatr Hematol Oncol.
2001;23:59 – 62.

75. Ortega M, Caballin MR, Ortega JJ, Olive T, Coll MD. Follow-
up by cytogenetic and fluorescence in situ hybridization
analysis of allogeneic bone marrow transplantation in two
children with Fanconi’s anaemia in transformation. Br J
Haematol. 2000;111:329 –333.

76. Ferti A, Panani A, Dervenoulas J, Raptis SA. Cytogenetic
findings in a Fanconi anemia patient with AML. Cancer
Genet Cytogenet. 1996;90:182–183.

77. Sasaki MS. Fanconi’s anemia. A condition possibly associ-
ated with a defective DNA repair. In: Hanawalt P, Friedberg
EC, Fox CF. DNA repair mechanisms, vol 9. New York:
Academic Press, 1978:675– 684.

78. Meddeb B, Azzouz MM, Hafsia R, Boussen M. Transforma-
tion en leucemie aigue de l’anemia de Fanconi: a propos de
2 cas dans une serie de 21 malades [Transformation of
Fanconi’s anemia into acute leukemia: apropos of 2 cases
in a series of 21 patients]. Tunis Med. 1986;64:755–759.

79. Ahuja HG, Advani SH, Gopal R, Nair CN, Saikia T. Acute
nonlymphoblastic leukemia in the first of three siblings
affected with Fanconi’s syndrome. Am J Pediatr Hematol
Oncol. 1986;8:347–349.

80. Gastearena J, Giralt M, Orue MT, Oyarzabal FJ, Perez-
Equiza E, Uriz MJ. Fanconi’s anemia. Clinical study of six
cases. Am J Pediatr Hematol Oncol. 1986;8:173–177.

81. De Vroede M, Feremans W, De Maertelaere-Laurent E, et
al. Fanconi’s anaemia. Simultaneous onset in 2 siblings
and unusual cytological findings. Scand J Haematol. 1982;
28:431– 440.

82. Stivrins TJ, Davis RB, Sanger W, Fritz J, Purtilo DT. Trans-
formation of Fanconi’s anemia to acute nonlymphocytic
leukemia associated with emergence of monosomy 7.
Blood. 1984;64:173–176.

83. Prindull G, Jentsch E, Hansmann I. Fanconi’s anaemia
developing erythroleukaemia. Scand J Haematol. 1979;23:
59 – 63.

84. Villegas A, Aboin J, Alvarez-Sala JL, Espinos D. Eritroleuce-
mia en la evolucion de una anemia constitucional de Fan-
coni [Erythroleukemia in the evolution of a Fanconi’s con-
stitutional anemia]. Sangre. 1983;28:225–226.

85. Rotzak R, Kaplinsky N, Chaki R, et al. Giant marker chro-
mosome in Fanconi’s anemia transforming into erythro-
leukemia in an adult. Acta Haematol. 1982;67:214 –216.

86. Berger R, Bernheim A, Le Coniat M, Vecchione D, Schaison
G. Chromosomal studies of leukemic and preleukemic
Fanconi’s anemia patients. Examples of acquired ‘chromo-
somal amplification.’ Hum Genet. 1980;56:59 – 62.

436 CANCER January 15, 2003 / Volume 97 / Number 2



87. Zatterale A, Calzone R, Montone E, Pagano G. Il registro
Italiano Anemia di Fanconi [The Italian Fanconi Anemia
Registry]. Ann 1st Super Sanita. 1999;35:233–235.

88. Dharmasena F, Catchpole M, Erber W, Mason D, Gordon-
Smith EC. Megakaryoblastic leukaemia and myelofibrosis
complicating Fanconi anaemia. Scand J Haematol. 1986;36:
309 –313.

89. Athale UH, Rao SR, Kadam PR, et al. Fanconi’s anemia: a
clinico-hematological and cytogenetic study. Indian Pedi-
atr. 1992;28:1003–1011.

90. Macdougall LG, Greeff MC, Rosendorff J, Bernstein R. Fan-
coni anemia in Black African children. Am J Med Genet.
1990;36:408 – 413.

91. Kurtzberg J, Laughlin M, Graham ML, et al. Placental blood
as a source of hematopoietic stem cells for transplantation
into unrelated recipients. N Engl J Med. 1996;335:157–166.

92. Russo CL, Zwerdling T. Recognition of Fanconi’s anemia
eight years following treatment for acute nonlymphoblastic
leukemia [letter]. Am J Hematol. 1992;40:78 –79.

93. Shahid MJ, Khouri FP, Ballas SK. Fanconi’s anaemia: report
of a patient with significant chromosomal abnormalities in
bone marrow cells. J Med Genet. 1972;9:474 – 478.

94. Gotz M, Pichler E. Zur Panmyelopathie im Kindesalter
[Aplasti anemia in childhood]. Klin Paediatr. 1972;148:377–
384.

95. Touraine RL, Bertrand Y, Foray P, Gilly J, Philippe N. He-
patic tumours during androgen therapy in Fanconi aneae-
mia. Eur J Pediatr. 1993;152:691– 693.

96. Sanchez MDCE, Cantoni AC, Alvarez BM, et al. Clinical and
cytogenetic variability on twelve Fanconi anemia and its
relationship with complementation group assignment. Rev
Invest Clin. 1999;51:273–283.

97. Hows JM, Chapple M, Marsh JCW, et al. Bone marrow
transplantation for Fanconi’s anaemia: the Hammersmith
experience 1977-89. Bone Marrow Transplant. 1989;4:629 –
634.

98. Hows JM. Unrelated donor bone marrow transplantation
for severe aplastic anaemia and Fanconi’s anaemia. Bone
Marrow Transplant. 1989;4(Suppl 4):126 –128.

99. Schroeder TM. Cytogenetischer Befund und Atiologie bei
Fanconi-Anamie. Ein Fall von Fanconi-Anamie ohne Hex-
okinasedefekt [Cytogenic finding and etiology of Fanconi’e
anemia. A case of Fanconi’s anemia without hexokinase
deficiency]. Humangenetik. 1966;3:76 – 81.

100. Crossen PE, Mellor JEL, Adams AC, Gunz FW. Chromo-
some studies in Fanconi’s anaemia before and after treat-
ment with oxymetholone. Pathology. 1972;4:27–33.

101. Lisker R, de Gutierrez AC. Cytogenetic studies in Fanconi’s
anemia. Description of a case with bone marrow clonal
evolution. Clin Genet. 1974;5:72–76.

102. Berger R, Bussel A, Schenmetzler C. Anomalies chromo-
somiques et anemie de Fanconi. Etude de 4 cas [Cytoge-
netic studies in four cases of Fanconi’s anemia]. Nouv Rev
Fr Hematol. 1975;15:539 –550.

103. Lo Ten Foe JR, Kwee ML, Rooimans MA, et al. Somatic
mosaicism in Fanconi anemia: molecular basis and clinical
significance. Eur J Hum Genet. 1997;5:137–148.

104. Carbone P, Barbata G, Mirto S, Granata G. Inherited aplas-
tic anemia with abnormal clones in bone marrow and
increased endoreduplication in peripheral lymphocytes.
Cancer Genet Cytogenet. 1984;13:259 –266.

105. Huret JL, Benz E, Guilhot F, Brizard A, Tanzer J. Fluctuation
of a clone 46,XX,i(7q) in bone marrow in a Fanconi anae-
mia. Hum Genet. 1986;74:98 –100.

106. Huret JL, Tanzer J, Guilhot F, Frocain-Herchkovitch C,
Savage JRK. Karyotype evolution in the bone marrow of a
patient with Fanconi anemia: breakpoints in clonal anom-
alies of this disease. Cytogenet Cell Genet. 1988;48:224 –227.

107. Bessho F, Mizutani S, Hayashi Y, Moriwaki K, Yokota S,
Inaba T. Chronic myelomonocytic leukemia with chromo-
somal changes involving 1p36 and hepatocellular carci-
noma in a case of Fanconi’s anemia. Eur J Haematol.
1989;42:492– 495.

108. Baron F, Sybert VP, Andrews RG. Cutaneous and extracu-
taneous neutrophilic infiltrates (Sweet syndrome) in three
patients with Fanconi anemia. J Pediatr. 1989;115:726 –729.

109. Standen GR, Hughes IA, Geddes AD, Jones BM, Wardrop
CAJ. Myelodysplastic syndrome with trisomy 8 in an ado-
lescent with Fanconi anaemia and selective IgA deficiency.
Am J Hematol. 1989;31:280 –283.

110. Gluckman E, Devergie A, Bourdeau-Esperou H, et al.
Transplantation of umbilical cord blood in Fanconi’s ane-
mia. Nouv Rev Fr Hematol. 1991;32:423– 425.

111. Gluckman E. European organization for cord blood bank-
ing. Blood Cells. 1994;20:601– 608.

112. McMullin MF, Mahendra P, Hain R, Barrett AJ. Myelodys-
plasia as the initial presentation of Fanconi’s anaemia in a
phenotypically normal child. Clin Lab Haematol. 1991;13:
387–389.

113. Scimeca PG, James-Herry AG, Weinblatt ME. Atypical
PFAPA syndrome (periodic fever, aphthous stomatitis,
pharyngitis, adenitis) in a young girl with Fanconi anemia.
J Pediatr. Hematol Oncol. 1996;18:159 –161.

114. Kohli-Kumar M, Harris R, Morris C. Bone marrow trans-
plantation in Fanconi anemia with non-sibling donors or
following leukemia transformation. Blood. 1992;80:527a.

115. Philpott NJ, Marsh JCW, Kumaran TO, Yardumian A,
Lawler M. Successful bone marrow transplant for Fanconi
anaemia in transformation. Bone Marrow Transplant.
1994;14:151–153.

116. Mozziconacci MJ, Arnoulet C, Stoppa AM, et al. Anomalies
cytogenetiques clonales dans l’anemia de Fanconi [Clonal
cytogenetic anomalies in Fanconi anemia]. Nouv Rev Fr
Hematol. 1995;37:52–53.

117. Ikushima S, Hibi S, Todo S, et al. Successful allogeneic
bone marrow transplantation in a case with myelodysplas-
tic syndrome which developed following Fanconi anemia.
Bone Marrow Transplant. 1995;16:621– 624.

118. Dokal IS, Roberts IAG. Bone marrow transplantation for
Fanconi’s anaemia: conditioning with reduced doses of
cyclophosphamide without radiation. Br J Haematol. 1996;
94:423.

119. Yamamoto M, Hiraumi Y, Ichimura N, et al. Refractory
pancreatitis associated with graft-versus-host disease in
Fanconi anemia. Am J Hematol. 1996;52:329 –330.

120. Hou J-W, Wang T-R. Differentiation of Fanconi anemia
from aplastic anemia by chromosomal breakage test. Acta
Paediatr Sin. 1997;38:121–126.

121. Thurston VC, Ceperich TM, Vance GH, Heerema NA. De-
tection of monosomy 7 in bone marrow by fluorescence in
situ hybridization. A study of Fanconi anemia patients and
review of the literature. Cancer Genet Cytogenet. 1999;109:
154 –160.

122. Boulad F, Gillio A, Small TN, et al. Stem cell transplantation
for the treatment of Fanconi anaemia using a fludarbine-
based cytoreductive regimen and T-cell-depleted related
HLA-mismatched peripheral blood stem cell grafts. Br J
Haematol. 2000;111:1153–1157.

Cancer in Fanconi Anemia/Alter 437



123. Yoshimasu T, Tanaka R, Suenobu S, et al. Prompt and
durable hematopoietic reconstitution by unrelated cord
blood transplantation in a child with Fanconia anemia.
Bone Marrow Transplant. 2001;27:767–769.

124. Nara N, Miyamoto T, Kurisu A, et al. Two siblings with
Fanconi’s anemia developing squamous cell carcinomas.
Rinshou Ketsueki. 1980;21:1944 –1950.

125. McDonough ER. Fanconi anemia syndrome. Arch Otolar-
yngol. 1970;92:284 –285.

126. Swift M, Zimmerman D, McDonough ER. Squamous cell
carcinomas in Fanconi’s anemia. JAMA. 1971;216:325–326.

127. Kozarek RA, Sanowski RA. Carcinoma of the esophagus
associated with Fanconi’s anemia. J Clin Gastroenterol.
1981;3:171–174.

128. Vaitiekaitis AS, Grau WH. Squamous cell carcinoma of the
mandible in Fanconi anemia: report of case. J Oral Surg.
1980;38:372–373.

129. Schofield IDF, Worth AT. Malignant mucosal change in
Fanconi’s anemia. J Oral Surg. 1980;38:619 – 622.

130. Kennedy AW, Hart WR. Multiple squamous-cell carcino-
mas in Fanconi’s anemia. Cancer. 1982;50:811– 814.

131. Helmerhorst FM, Heaton DC, Crossen PE, von Dem Borne
AEGK, Engelfriet CP, Natarajan AT. Familial thrombocyto-
penia associated with platelet autoantibodies and chromo-
some breakage. Hum Genet. 1984;65:252–256.

132. Kaplan MJ, Sabio H, Wanebo HJ, Cantrell RW. Squamous
cell carcinoma in the immunosuppressed patient: Fanco-
ni’s anemia. Laryngoscope. 1985;95:771–775.

133. Fukuoka K, Nishikawa K, Mizumoto Y, et al. Fanconi’s
anemia with squamous cell carcinoma — a case report and
a review of literature. Jpn J Clin Hematol. 1989;30:1992–
1996.

134. Alter BP, Frissora CL, Halperin DS, et al. Fanconi’s anemia
and pregnancy. Br J Haematol. 1991;77:410 – 418.

135. Snow DG, Campbell JB, Smallman LA. Fanconi’s anaemia
and post-cricoid carcinoma. J Laryngol Otol. 1991;105:125–
127.

136. Lustig JP, Lugassy G, Neder A, Sigler E. Head and neck
carcinoma in Fanconi’s anaemia — report of a case and
review of the literature. Oral Oncol Eur J Cancer. 1995;31B:
68 –72.

137. Koo WH, Knight LA, Ang PT. Fanconi’s anaemia and recur-
rent squamous cell carcinoma of the oral cavity: a case
report. Ann Acad Med Singapore. 1996;25:289 –292.

138. Hirschman RJ, Schulman NR, Abuelo JG, Whang-Peng
J. Chromosomal aberrations in two cases of inherited
aplastic anemia with unusual clinical features. Ann Intern
Med. 1969;71:107–117.

139. Guy JT, Auslander MO. Androgenic steroids and hepato-
cellular carcinoma. Lancet. 1973;i:148.

140. Reed K, Ravikumar TS, Gifford RRM, Grage TB. The asso-
ciation of Fanconi’s anemia and squamous cell carcinoma.
Cancer. 1983;52:926 –928.

141. Kozhevnikov BA, Khodorenko CA. Cancer of the mucous
membrane of the left side of the mouth associated with
congenital hypoplastic Fanconi’s anemia in a 14-year-old
boy. Vestn Khir. 1986;136:105–106.

142. Doerr TD, Shibuya TY, Marks SC. Squamous cell carcinoma
of the supraglottic larynx in a patient with Fanconi’s ane-
mia. Otolaryngol Head Neck Surg. 1998;118:523–525.

143. Marcou Y, D’Andrea A, Jeggo PA, Plowman PN. Normal
cellular radiosensitivity in an adult Fanconi anaemia pa-
tient with marked clinical radiosensitivity. Radiother On-
col. 2001;60:75–79.

144. Ferro MT, Vazquez-Mazariego Y, Ramiro S, et al. Triplica-
tion of 1q in Fanconi anemia. Cancer Genet Cytogenet.
2001;127:38 – 41.

145. Esparza A, Thompson WR. Familial hypoplastic anemia
with multiple congenital anomalies (Fanconi’s syndrome)
— report of three cases. R I Med J. 1966;49:103–110.

146. Aho S. Clinical conferences. Case of Fanconi’s anemia.
Kyobu Geka. 1980;33:397–399.

147. Romero MG, Ortiz HC. Anemia de Fanconi. Respuesta a
dosis bajas de anabolicos y asociation con carcinoma de
esofago [Fanconi’s anemia. Response to low doses of ana-
bolics and association with carcinomas of the esophagus].
Rev Invest Clin. 1984;36:353–356.

148. Rockelein G, Ulmer R, Kniewald A, Wagner H. Osopha-
guskarzinom bei Fanconi-syndrom [Esophageal cancer in
Fanconi syndrome]. Pathologe. 1986;7:343–347.

149. Linares M, Pastor E, Gomez A, Grau E. Hepatocellular
carcinoma and squamous cell carcinoma in a patient with
Fanconi’s anemia. Ann Hematol. 1991;63:54 –55.

150. Soravia C, Spilipoulos A. Carcinome épidermoı̈de de
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